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Summary
The immune system preserves and makes use of au-
toreactive lymphocytes with specialized functions.
Here we showed that one of these populations,
CD8aa+TCRab+ intestinal intraepithelial lymphocytes
(IELs), arose from a unique subset of double-positive
thymocytes. This subset of cells was precommitted
to preferentially give rise to CD8aa+TCRab+ IELs, but
they required exposure to self-agonist peptides. The
agonist-selected TCRab+ thymocytes are CD4 and
CD8 double-negative, and their final maturation, in-
cluding the induction of CD8aa expression, appeared
to occur only after thymus export in the IL-15-rich
environment of the gut. These developmental steps,
including precommitment of immature thymocytes,
TCR-mediated agonist selection, and postthymic dif-
ferentiation promoted by cytokines, define a unique
pathway for the generation of CD8aa+TCRab+ IEL.
Introduction
The thymus is a central organ for the development of
T cells. Immature thymocytes progress through several
stages, defined as double-negative (DN), double-posi-
tive (DP), or single-positive (SP) based on the expression
of the T cell receptor (TCR) coreceptors, CD4 and CD8ab
(Starr et al., 2003). Progression through the DN stage
can be subdivided into DN1 to DN4, based on the ex-
pression pattern of two other markers, CD44 and
CD25. During the later DN stages (DN2-DN3), TCR genes
at the g, d, and b loci rearrange and determine the initial
commitment of the pre-T cell to the TCRgd or TCRab
lineage. Expression of a pre-TCR composed of a suc-
cessfully rearranged TCRb chain, together with a pre-
Ta chain and CD3, allows for b selection and TCRa
rearrangement leading to the full commitment to the
TCRab lineage. Thymocytes undergo further maturation
through a process of selection that involves signaling
through the TCR-CD3 complex. At the point of b selec-
tion, the DN thymocytes proliferate rapidly before transi-
tioning to the DP stage (Hoffman et al., 1996; Vasseur
et al., 2001). Although both a functional pre-TCR and
a full CD3 complex are required for b selection, only
CD3 signals allow for the transition of the DN to the DP
stage (Levelt et al., 1993), while direct signaling through
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sanne, Switzerland.the TCRb chain at this point inhibits further differentia-
tion (Takahama et al., 1992). To survive and continue
maturation, DP thymocytes need to receive positive se-
lection signals through a full abTCR (Starr et al., 2003). A
too strong affinity of TCRs for self-antigen (agonist) and
MHC, however, may result in clonal deletion at the next
checkpoint during a process of negative selection (Starr
et al., 2003). It is thought that negative selection is one
of the major mechanisms to induce self-tolerance (Hog-
quist et al., 2005). Nevertheless, not all TCRs with high
affinity for self are eliminated, and increasing evidence
indicates that simplistic views of thymic selection need
to be revised to include alternative selection processes
that preserve self-reactive thymocytes that mature
into so-called unconventional T cell lineages (Baldwin
et al., 2004). This alternative process of selection for
self-reactivity has been defined as ‘‘agonist selection’’
and reflects the fact that thymocytes developing into un-
conventional T cell lineages require relatively strong ag-
onist self-ligand MHC selection signals to differentiate
(Leishman et al., 2002). Agonist-selected thymocytes
do not simply escape negative selection; the exposure
to agonist self-antigens in the thymus elicits an alternate
program that drives these precursors into a differentia-
tion pathway that leads to distinct T cell subsets (Leish-
man et al., 2002). T cells that have developed along
agonist selection display an antigen-experienced phe-
notype, and they frequently exert immune regulatory
functions (Baldwin et al., 2004). Several unconventional
T cell subsets are thought to develop via alternative
selection pathways, including CD4+CD25+ regulatory T
(Treg) cells, NK T cells, DN TCRab+ T cells, and a popula-
tion of intraepithelial lymphocytes (IEL) that express
CD8aa homodimers (CD8aa+TCRab+ IEL) (Baldwin
et al., 2004). Treg cells, however, also can be generated
in the periphery, indicating that not all Treg cells are
the result of a thymic agonist selection pathway
(Kretschmer et al., 2005; Thorstenson and Khoruts,
2001). In contrast, the presence of forbidden TCR Vbs
among the TCRs of CD8aa+TCRab+ IEL suggests an
alternative selection pathway for these T cells (Rocha
et al., 1991). In fact, the accumulation of autoreactive
TCRs in the repertoire of the CD8aa+TCRab+ IEL has
previously been used as evidence to support extrathy-
mic development of this T cell lineage (Rocha et al.,
1991). Nevertheless, new data indicate that under nor-
mal conditions, all unconventional T cell subtypes, in-
cluding the CD8aa+TCRab+ IEL, are thymus derived
(Leishman et al., 2002; Guy-Grand et al., 2003; Eberl
and Littman, 2004). At present it is not known whether
agonist selection is a separate differentiation pathway
that drives precommitted thymocytes to the generation
of alternative TCRab T cell subsets, or whether exposure
to agonist at any point in the development of main-
stream immature or mature T cells can lead to the differ-
entiation of these specialized subsets. Here we provide
evidence that distinct precursor thymocytes exist that
are committed to an alternative selection pathway, and
we define the phenotype of cells that have successfully
undergone alternative selection. These precursors are
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632Figure 1. Phenotype and Ontogeny of TP Thymocytes
(A) Analysis of B6 TP thymocytes. Thymocytes from normal adult B6 mice were stained for CD4 and CD8a, and gated DP cells were analyzed
for CD8aa, CD8ab, TCRb, CD5, and CD69 expression. Negative control stainings were done with TL-tetramer in combination with a blocking
CD8a antibody or a chimeric TL-Kb-tetramer. Numbers in the quadrants indicate percentages.
(B) Analysis of fetal (embryonic day (ED)16–18) and newborn TP thymocytes. Gated DP thymocytes were analyzed for CD8aa and CD8ab
expression.
(C) BrdU incorporation by adult and fetal (ED17) B6 thymocytes. Numbers indicate the percentage of BrdU-positive thymocytes. Data are
representative of at least 4 mice per group.the immediate progenitors of specialized T cells that
differ in their phenotype, specificity, and homing from
T cells that differentiated along the conventional path-
way of selection.
Results
Although the absence of DP thymocytes in male mice
that express a transgenic TCR specific for the male an-
tigen, H-Y presented by H-2Db, would argue against a
DP stage for agonist-selected T cells, recent evidence,
acquired via cell fate mapping, indicated that normal
CD8aa+TCRab+ IEL are all progeny of DP thymocytes
(Eberl and Littman, 2004). Furthermore, it was shown
that DP cells isolated from H-Y TCR transgenic female
mice exposed to high but not low doses of H-Y antigen
led to the differentiation of cells with a phenotype sim-
ilar to CD8aa+TCRab+ IEL (Yamagata et al., 2004). It is
thus possible that the lack of DP thymocytes and the
abundant generation of CD8aa+TCRab+ IEL in male
H-Y TCR transgenic mice are due to premature expres-
sion and antigen triggering of the H-Y TCR. Consistent
with this, it was shown that delayed expression of the
H-Y TCR at the DP stage does not lead to an expanded
population of CD8aa+TCRab+ IEL in male H-Y TCR
transgenic mice (Baldwin et al., 2005). This indicates
that TCR transgenic mice may not be an appropriate
system to elucidate and dissect the agonist and
conventional pathways as they naturally occur under
physiological conditions. Therefore, for this study,
we focused mostly on normal unmanipulated thymo-
cytes that differentiate under normal physiological
conditions.Subsets of DP Thymocytes
We reasoned that if both negative selection of conven-
tional self-reactive T cells and the agonist-dependent
positive selection of specialized T cells occur in parallel
in the thymus, and if both processes proceed along the
DP stage, then it is possible that subsets of DPs exist
that develop along one or the other pathway of selec-
tion. In support of this view, it was demonstrated in vitro
that some DP thymocytes downmodulate CD8b but
upregulate CD8aa in response to strong TCR signals,
thereby enabling the selected cell to survive an other-
wise deleting negative selection signal (Barnden et al.,
1997; Chidgey and Boyd, 1997; Mintern et al., 2004;
Yamagata et al., 2004). Interestingly, downmodulation
of CD8b in response to agonist is not an isolated event
to escape negative selection, but surviving CD8aa+ cells
also activate a completely altered gene expression pro-
gram compared to CD8ab+ thymocytes (Yamagata et al.,
2004). The fact that only a fraction of the DP cells survive
agonist signals and become CD8aa+, while the majority
dies, suggests that immature DP thymocytes might be
heterogeneous.
To investigate the heterogeneity of DP thymocytes,
we analyzed CD8aa expression on normal DP thymo-
cytes ex vivo, by using CD8aa-specific tetramers of
the thymic leukemia (TL) antigen, a nonclassical MHC
class I molecule that is a strong ligand for CD8aa but
not for CD8ab (Leishman et al., 2001). By analyzing the
DP CD4+CD8ab+ thymocytes, we identified a subset
(6%–9%) of TL tetramer+ cells. We refer to these thymo-
cytes as triple-positive (TP), because they expressed
CD8aa together with CD4 and CD8ab (Figure 1A). The
TL tetramer staining was specific and could be blocked
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633with CD8a antibodies but not with CD8b antibodies (Fig-
ure 1A). Furthermore, tetramers of a chimeric form of
TL (TL-Kb-tetramer), in which the a3 domain of TL is re-
placed with that of Kb (Attinger et al., 2005; Leishman
et al., 2001), did not stain TP thymocytes (Figure 1A).
The majority of TP cells were negative or expressed
low TCRb, CD5, and CD69 (Figure 1A), indicating that
they represent a stage before positive selection. To in-
vestigate when in ontogeny the TP thymocytes develop,
we analyzed the synchronized thymocyte populations
during gestation. DP thymocytes first appeared at day
16, and a few were TP at that time (Figure 1B). In contrast,
an expanded population of TP thymocytes was present
at day 17 of gestation, making the TP subset one of the
major fetal thymocyte populations at that stage. One
day later, the percentage of TP thymocytes declined,
whereas the number and percentage of DP thymocytes
increased, suggesting that many of the TP thymocytes
might lose CD8aa expression to become DP. The per-
centage of TP thymocytes further decreased until birth,
after which it remained steady. Most fetal DP and TP
thymocytes incorporated BrdU, indicating they were ac-
tively dividing (Figure 1C). In contrast, most adult DP
thymocytes were resting whereas TP thymocytes prolif-
erate (Figure 1C), suggesting that in adult mice, TP
thymocytes are more immature than their resting DP
counterparts. Nevertheless, although most adult TP thy-
mocytes seem to transition through b-selection (they
proliferated and were low for TCRb and CD5 [Figure 1A]),
some were resting and they have upregulated TCRb and
CD5 and still expressed CD8aa (Figure 1A). These data
indicate that at the stage of positive selection, some TP
cells maintain CD8aa expression whereas others be-
come DP and that DP thymocytes are heterogeneous
and contain previously unrecognized TP subpopulations.
The TP Phenotype Is Induced by Pre-TCR Signals
We next investigated which signals are required for the
induction of CD8aa on immature thymocytes. Analysis
of MHC- and TCRa-deficient mice indicated that MHC
interactions or a full abTCR were not required for the ini-
tial induction of immature TP thymocytes (Figure 2A). In
contrast, CD8aa-expressing thymocytes that expressed
high TCRb were absent in MHC class I-negative, b2m-
deficient mice (Figure 2B), suggesting that a TCR-de-
pendent MHC class I-mediated signal is required for
the maintenance of CD8aa on immature thymocytes
prior to positive selection. Mice that lack only the classi-
cal class I molecules H-2K and H-2D still generated
some CD8aa+ TCRbhi thymocytes (Figure 2B), indicating
that CD8aa on preselected thymocytes might be con-
trolled in part by nonclassical MHC class I molecules,
such as TL or Qa-1. Mice deficient for TCRb did not gen-
erate substantial numbers of DP cells, and consequently
also lacked all TPs, indicating that a TCRb and/or a pre-
TCR-CD3 signal is important for the initial induction of
CD8aa on TP thymocytes (data not shown). Anti-CD33
triggering ofRag22/2DN thymocytes, which lack a func-
tional TCRb chain, promotes the transition to the DP
stage (Levelt et al., 1993). To investigate whether
CD8aa induction on immature DN thymocytes also de-
pends on CD3 signals, we triggered Rag22/2 DN cells
with CD33 antibody. CD8aa together with CD4 and
CD8ab was induced on anti-CD33-stimulated Rag22/2DN thymocytes in vitro (data not shown) as well as in
vivo (Figure 2C). These results demonstrate that the
induction of CD8aa expression on normal thymocytes
occurs during b-selection.
The expression of CD8aa and CD8ab is controlled in
part by enhancers located within the noncoding regions
of the Cd8 genes (Ellmeier et al., 1999). Activation-in-
duced expression of CD8aaon CD8abT cells was shown
to be dependent on the presence of a functional CD8a
enhancer, E8I (CIII-1,2) (Madakamutil et al., 2004),
whereas a double deletion of the enhancers E8I and
E8II (CIV-4,5) also suppressed CD8ab on immature thy-
mocytes, but less so on mature cells (Ellmeier et al.,
2002). The reduced expression of CD8ab is also evident
on TCRa-deficient immature thymocytes, indicating that
the enhancer-controlled appearance of CD8ab is inde-
pendent of a full abTCR (Ellmeier et al., 2002). To investi-
gate whether CD3-pre-TCR-mediated CD8aa induction
was controlled by one or both enhancers, we analyzed
E8I-deficient and E8IE8II-deficient thymocyte subsets.
Although E8I-deficient cells contained a normal TP sub-
set, albeit at a reduced percentage, most immature
E8IE8II-deficient thymocytes showed severe defects in
the expression of CD8ab and CD8aa (Figure 2D). These
results indicated that E8II or the combination of E8I and
E8II plays important roles in the CD3-pre-TCR-depen-
dent induction of CD8aa on immature thymocytes.
DP and TP Thymocytes Respond Differently
to Agonist Antigen In Vitro
Not all DP thymocytes (including the TP) die upon expo-
sure to their cognate antigen in vitro, but some survive
and further mature to SP CD8aa+TCRabhi T cells (Yama-
gata et al., 2004). Furthermore, these T cells activated a
unique gene transcription program with many transcripts
in common with innate immune cells and CD8aa+TCRab+
IEL (Yamagata et al., 2004). It is not known why most DP
thymocytes die under agonist selection conditions
in vitro while some survive and further differentiate. The
discovery of TP thymocytes among the DP subset
prompted us to investigate whether the capacity to dif-
ferentiate along a specific selection pathway is predeter-
mined, thus allowing TP but not DP thymocytes to
survive and undergo agonist selection. To investigate
this, we sorted TP and DP thymocytes from (CD45.2+)
H-Y TCR transgenic female mice on a nonselecting (H-
2Dd) background and incubated equal numbers in hang-
ing drop cultures with H-Y (Smcy) peptide-pulsed
(CD45.1+) thymic epithelial cells on a selecting back-
ground (H-2Db) and IL-15. Eight days later, (CD45.2+) thy-
mocytes were analyzed for survival and differentiation
in response to agonist (Figure 3). As expected, most
DP thymocytes died under agonist culture conditions
and the few cells that survived had either turned down
both coreceptors or they became SP CD8ab+ T cells (Fig-
ure 3). In contrast, however, many of the TP thymocytes
survived and had differentiated in response to agonist
antigen and IL-15 (Figure 3). Almost half of them became
mature SP CD8aa+ H-Y TCRab+ T cells, a phenotype sim-
ilar to CD8aa+TCRab+ IEL, whereas smaller fractions
matured to DP CD8aa+CD8ab+ or DN TCRab+ T cells
(Figure 3). All TP-derived mature T cells expressed high
CD69 (Figure 3), an indication that these cells had re-
ceived and survived TCR activation signals (Swat et al.,
Immunity
634Figure 2. Molecular Basis for CD8aa Induction on TP Thymocytes
(A) Analysis of TP thymocytes from B6, B2m KO, MHC II KO, B2m-MHC II KO, and TCRa KO mice. Thymocytes were stained for CD4, CD8a,
CD8b, and CD8aa. Gated DP cells were analyzed for CD8aa and CD8ab expression (bottom). Numbers indicate the percentages.
(B) Analysis of CD8aa-expressing thymocytes from B6, B2m KO, MHC II KO, B2m-MHC II KO, and KbDb KO mice. Thymocytes were first stained
for CD8aa, CD8b, and TCRb. Gated CD8aa+ cells were analyzed for CD8b and TCRb expression.
(C) Rag2 KO mice were injected with 50 mg of hamster IgG (control) or anti-CD33 and analyzed 6 days later for TP thymocytes. Data are repre-
sentative of 4 mice.
(D) Analysis of thymocytes from B6, E8I KO, and E8IE8II KO mice for TP cells. Numbers indicate the percentage of TP among DP cells. Data are
representative of at least 3 mice for each strain of mice.
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635Figure 3. Agonist-Stimulated TP Thymocytes Differentiate to CD8aa Single-Positive Thymocytes
DP or TP thymocytes from female HY-TCR Rag2 KO mice on a nonselecting background (H2-Dd) were incubated in hanging drop cultures with
CD45.1+ thymic epithelial cells on a selecting background (H2-Db) and pulsed with 10 mg/ml of H-Y peptide and 100 ng/ml of hIL-15. Stimulated
cells were analyzed for CD8a and CD8b and CD8aa expression 8 days later and TP thymocytes also for CD5 and CD69 expression. Graphs rep-
resent absolute numbers of recovered cells after in vitro incubation of DP or TP thymocytes with H-Y peptide and IL-15. Data are representative
of 3 experiments.1993). Interestingly, in contrast to conventional selected
cells (Azzam et al., 1998), CD5 expression on the agonist-
activated thymocytes was low or negative, consistent
with the phenotype of CD8aa+TCRab+ IEL (Figure 3).
These results indicated that TP and DP thymocytes
respond differently to antigen in vitro, with surviving TP
thymocytes differentiating and adapting a phenotype
similar to the CD8aa+TCRab+ IEL.
TP Thymocytes Generate CD8aa+TCRab+ IEL In Vivo
To investigate whether TP thymocytes generate
CD8aa+TCRab+ IEL in vivo, we transferred sorted DP
or TP (CD45.1+) thymocytes to (CD45.2+) B6 recipient
mice. Only thymocytes that were injected directly into
the thymus (i.t.) survived, whereas i.v. injected cells
were not recovered (data not shown), indicating that
both DP and TP precursors were thymus dependent.
Analysis of IEL in mice that had received TP thymocytes
showed that these precursors differentiated to CD52 SP
CD8aa+TCRab+ IEL that were mostly Thy1.2-negative
(Figure 4) similar to normal CD8aa+TCRab+ IEL. Interest-
ingly, TP thymocytes also gave rise to CD52Thy1.2+DN
TCRab+ T cells in the periphery (Figure 4), which, like
CD8aa+TCRab+ IEL, have been described previously
as agonist-dependent, autoreactive T cells with regula-
tory function (Mixter et al., 1999; Priatel et al., 2001).
DP thymocytes, by contrast, generated conventional
CD5+Thy1.2+SP CD4 and CD8 TCRab+ T cells in spleen
(data not shown) and lymph nodes (Figure 4). These re-
sults indicated that TP thymocytes are direct precursors
of CD8aa+TCRab+ IEL and peripheral DN TCRab+ T cells
and that these subpopulations share a common lineage.
DN TCRab+ Thymocytes Are Postselection
Precursors of CD8aa+TCRab+ IEL
Although TP thymocytes exposed to antigen and IL-15
in vitro or injected i.t. differentiate to SP CD8aa+ T cells,mature SP CD8aa+ thymocytes are not present in nor-
mal thymus. In order to identify the mature, postagonist
selection thymocytes that give rise to CD8aa+TCRab+
IEL, we analyzed mature TCRbhi thymocytes for their
ability to differentiate into CD8aa+TCRab+ T cells. In
addition to the conventional mature SP thymocytes,
a subset of DN thymocytes that expresses intermediate
amounts of abTCR can be detected in normal thymus
(Hanke et al., 1994). Interestingly, these DN TCRab+ thy-
mocytes show specific expression of the IL-2-IL-15Rb
chain (CD122) without expression of IL-2Ra (CD25),
a skewing of the TCRVb usage, and an accumulation of
autoreactive TCRs (Hanke et al., 1994). Their antigen-
experienced phenotype suggests that these cells have
undergone positive selection instead of escaping from
conventional negative selection (Hanke et al., 1994).
To investigate whether the DN TCRab+ thymocytes
were postagonist selection precursors of CD8aa+
TCRab+ IEL in vivo, we transferred normal, sorted
(CD45.1+) DN TCRb+ thymocytes to (CD45.2+) Rag22/2
recipient mice and analyzed their T cell populations 4
weeks later. The donor thymocyte population was neg-
atively selected to eliminate NK1.1-expressing CD1d-
dependent NKT cells, which constitute a fraction of the
DN TCRab+ thymocytes. The transferred DN TCRab+
cells gave rise to a substantial population of IEL as de-
termined by absolute number (Figure 5A). Furthermore,
the donor-derived T cells had a phenotype similar to
agonist-dependent IEL, with the induction of CD8aa and
low expression of CD5 (Figure 5A). Most mature DN thy-
mocytes express high amounts of CD5, and few are
CD5lo (data not shown). To investigate whether the
CD5lo CD8aa+TCRab+ IEL are derived from the small
subset of CD5lo DN TCRab+ thymocytes, we transferred
sorted CD5lo and CD5hi DN TCRab+ thymocyte popula-
tions to recipient mice and analyzed the mice 4 weeks
later (Figure 5A). Only the CD5hi DN TCRab+ subset
Immunity
636Figure 4. TP Thymocytes Generate CD8aa+ TCRab+ IEL In Vivo
Sublethally irradiated B6 mice (CD45.2) were injected intrathymically with 3 3 106 sorted DP or TP (CD45.1) thymocytes. IEL and LN cells were
analyzed for the presence of donor cells (CD45.1) 1 month later and for the expression of CD8a, CD8b or CD4, Thy1.2, and CD5. Graphs represent
absolute numbers of recovered donor cells 1 month later. N.D., not detected. Shown is a representative of 3 individual experiments.survived, and similar to the total DN TCRab+ thymo-
cytes, they readily populated the intestine of recipient
mice (Figure 5A). All IEL derived from CD5hi DN TCRab+
thymocytes displayed a CD8aa+CD5lo TCRab+ pheno-
type, indicating that the induction of CD8aa and the
downregulation of CD5 were postthymic events. Fur-
thermore, the postthymic differentiation was intestine
specific and CD5+ DN donor cells in the periphery did
not induce CD8aa and they maintained CD5 expression
(Figure 5A).
Cytokines from the common cytokine-receptor g-
chain family, especially IL-7 and IL-15, are essential for
T cell development. Although IL-7 is critical for early thy-
mocyte survival (Peschon et al., 1994) and commitment
to the TCRgd lineage (Kang et al., 2001), IL-15 has been
shown to be essential for CD8aa+ T cells, including the
CD8aa+TCRab+ IEL (Kennedy et al., 2000; Schluns
et al., 2004; Yu et al., 2006). It is thus possible that the
postthymic induction of CD8aa and the downmodulation
of CD5 are IL-15-mediated events. To evaluate this, we
analyzed the phenotype of DN thymocytes culturedwith various cytokines. A combination of immature DN
TCR2 and TCRgd+ thymocytes (gate R1 in Figure 5B)
showed survival of TCRgd T cells in the presence of
IL-7 (data not shown) and IL-15 without substantial alter-
ation of their phenotype (Figure 5B). In contrast, the
mature DN TCRab+ thymocytes (gate R2 in Figure 5B)
survived in the presence of IL-15 (Figure 5B) but not
IL-7 (data not shown). Furthermore, a subset of the DN
TCRab+ cells cultured with IL-15 induced CD8aa,
whereas CD5 was downmodulated (Figure 5B), reflect-
ing the phenotype of CD8aa+TCRab+ IEL. In contrast to
the induction of CD8aa on the TP (Figure 3) or CD8ab
T cells (Madakamutil et al., 2004), CD8aa induction on
postselected DN TCRab+ thymocytes did not require ad-
ditional CD3 or antigen stimulation (Figure 5B), suggest-
ing that reinduction of CD8aa on agonist-experienced T
cells could be driven by IL-15, which is abundantly pro-
duced by epithelial cells of the intestine (Guy-Grand
et al., 2001). IL-15, however, was not absolutely required
for the CD8aa induction on IEL, and DN TCRab+ thymo-
cytes transferred to sublethally irradiated IL-15-deficient
Thymocyte Precursors of IEL
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(A) Analysis of the IEL and LN cells of Rag2 KO mice (CD45.2) i.v. injected with 3 3 105 total DN TCRab+ or sorted CD5+DN TCRab+ thymocytes
from normal donor mice (CD45.1). CD45.1+ IEL and LN cells were analyzed 1 month later for expression of CD8a, CD8b, CD4, and CD5. Graphs
represent absolute numbers of recovered donor cells in the intestine. Data are representative of 3 individual experiments.
(B) Analysis of IL-15 cultures. Thymocytes were sorted as DN TCRb2 cells (R1 gate including immature DN and gdTCR+ thymocytes) or DN TCRb+
(R2 gate) and cultured with 100 ng/ml of hIL-15 for 6 days. Cells were then analyzed for TCRb, TCRgd, CD8aa, and CD5 expression. Histograms
represent CD8aa expression on the DN TCRb2 cells (left) and on the DN TCRb+ cells (middle) and CD5 expression on the DN TCRb+ cells (right)
before (day 0) and after (day 6) culture with hIL-15.
(C) Sorted DN TCRab+ thymocytes from B6, E8I KO, and E8IE8II KO mice were cultured with 100 ng/ml of hIL-15 for 6 days and analyzed for the
expression of CD8aa. Data are representative of 6 mice pooled/group. Cultures were done in triplicate.
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in drastically reduced numbers (data not shown). This
suggests that IL-15 is not directly involved in CD8aa in-
duction, but rather in the expansion and maintenance
of CD8aa+ IEL. Consistent with this hypothesis, mice
with a defected IL-15R signaling show a reduction in
the numbers of all CD8aa+ IEL subsets (Kennedy et al.,
2000; Lodolce et al., 1998). Similar to the TP counterparts
(Figure 2C), IL-15-expanded E8I-deficient DN TCRab
+
T cells expressed CD8aa albeit in reduced numbers,
whereas E8IE8II-double-deficient DN thymocytes did
not express CD8aa (Figure 5C). Thus, the E8I and E8II en-
hancers control all CD8aa expression on TCRab T cells,
or the mature DN precursors for CD8aa+ IEL are missing
in E8IE8II-double-deficient mice as a consequence of the
absence of immature TP cells in these mice.
Discussion
Alternative pathways of development must exist that se-
lectively preserve cells of the adaptive immune system
that have rearranged B cell receptors (BCRs) or TCRs
that show strong affinity for ‘‘self’’ (Baldwin et al.,
2004; Bendelac et al., 2001). For T cells, an agonist-
based selection process exists that coincides with the
conventional selection and allows for the selective pres-
ervation of self-specific TCRs (Bendelac, 2004; Jordan
et al., 2001; Leishman et al., 2002).
Under normal conditions, the thymus is the main or-
gan for all T cell development (Guy-Grand et al., 2003)
and a unique tissue to support the selection-based
differentiation processes of TCRab+ T cells. Until now,
it has been difficult to understand what controls the
fate of the developing TCRab-committed precursor thy-
mocytes that drives them to differentiate along one or
the other selection pathway. It has also been unclear
whether preprogrammed precursors exist that are al-
ready committed to these various pathways before the
TCR-based selection or whether the segregation and
selective differentiation of TCRab-committed precur-
sors is an exclusive TCR-dependent decision. Here we
have defined pre- and postselection thymocytes that
are phenotypically and functionally distinct from con-
ventional T cell precursor types. We show that the newly
identified TP but not DP thymocytes can transition along
the agonist-dependent pathway and mature into a
distinct T cell population that displays the unique phe-
notype and homing ability of the agonist-dependent
CD8aa+TCRab+ IEL. The evidence, indicating that TP
thymocytes are immature precursors of CD8aa+TCRab+
IEL, is consistent with previous results that showed that
CD8aa+TCRab+ IEL had matured along a CD4+CD8+
stage in the thymus (Eberl and Littman, 2004). The fact
that most TP precursors already appear before they ex-
press a full TCR would indicate that they are preselec-
tion precursors. In contrast to the adult DP, which are
mainly resting cells, most TP thymocytes are blasting
and proliferate rapidly, suggesting that they are transi-
tioning through b selection. The unique ability of these
TP precursors to mature to CD8aa+TCRab+ IEL in vivo
thus underscores a previously unrecognized role for
b selection in the fate determination of the developing
thymocyte. Ultimately, however, b-selected immature
TP thymocytes require quality-based signals receivedthrough a full abTCR for their specific selection and fur-
ther maturation. Although it is not known when the first
postagonist selection thymocytes appear, the fact that
these thymocytes preferentially differentiate under con-
ditions of negative selection would suggest that selec-
tion at this point can result in two fates, either the termi-
nation of further maturation or selective survival and
agonist-dependent differentiation of the precursor cells.
The observation that female-derived H-Y TCR trans-
genic TP but not DP thymocytes survived and differenti-
ated in response to H-Y antigen stimulation in vitro,
would indicate that TP thymocytes are uniquely precon-
ditioned and preprogrammed to survive and mature
upon agonist selection signals. It is not known whether
the expression of CD8aa by TP thymocytes plays an
active role in their ability to survive and differentiate in
response to agonist selection signals. Interestingly,
however, a similar selective induction of CD8aa on anti-
gen-stimulated primary effector cells marks those cells
that gain the capacity to survive and activate a differen-
tiation program that leads to the full maturation of mem-
ory T cells (Madakamutil et al., 2004). CD8aa is only tran-
siently expressed on these precursor cells and it does
not function as a conventional TCR coreceptor (Gang-
adharan and Cheroutre, 2004). Instead, it was shown
that coexpression of CD8aa together with a TCR activa-
tion complex has modulating effects on the survival and
differentiation of antigen-triggered T cells (Leishman
et al., 2001). Together, these observations suggest that
CD8aa is part of a general program directly involved in
mediating survival and/or specific differentiation of ago-
nist-stimulated TP thymocytes and mature T cells.
Conventional selected DP thymocytes further transi-
tion to the postselected SP stage and leave the thymus
as CD4+ or CD8ab+ mature T cells. Unlike the SP CD4
and CD8ab T cells, however, agonist-selected CD8aa+
TCRab+ IEL do not express conventional coreceptors,
suggesting that their mature postselected phenotype
is either CD8aa+ or DN. Mature SP CD8aa thymocytes
can not be identified, indicating that mature DN TCRab+
cells are likely the direct postagonist-selected progeny
of TP thymocytes. Although a direct link between the
TP and mature DN TCRab+ thymocytes was not demon-
strated, the observations made here that these two sub-
sets are the only thymocytes that lead to the develop-
ment of CD8aa+TCRab+ IEL in vivo and that H-Y TCR+
TP thymocytes cultured with H-Y antigen and IL-15 gen-
erated an expanded population of SP CD8aa+ and DN
TCRab+ mature T cells in vitro suggest strongly that
these preselection TP and postselection DN thymocyte
subsets are part of the same T cell lineage. The abun-
dant presence of mature H-Y TCR+ DN thymocytes
and the lack of DP and TP thymocytes in male H-Y-
TCR transgenic mice, however, might indicate that the
premature expression of the H-Y TCR-transgene in the
presence of the H-Y antigen induces accelerated differ-
entiation of the immature DN thymocytes into mature DN
cells without transitioning along the TP stage. In support
of this, it was shown that CD8aa+ TCRab+ IEL from H-Y
TCR transgenic male mice did not display the character-
istic perforin-containing granules present in normal
CD8aa+TCRab+ IEL, indicating that they had not under-
gone normal maturation and differentiation (Guy-Grand
et al., 2001). Unlike the transgenic DN H-Y TCR
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methylation analysis (Wu et al., 1990) of the CD8a gene
indicate that normal mature DN TCRab+ thymocytes
previously expressed CD4 and CD8, suggesting that
they are progeny of DP or TP thymocytes. The observa-
tion that early expression of the H-Y TCR promotes
CD8aa+TCRab+ T cell differentiation in H-Y+ male but
not in H-Y2 female mice would indicate that rather
than premature expression of a full abTCR, it is the early
agonist triggering of that TCR that promotes the differ-
entiation of agonist-dependent precursor cells. This
suggests that early expression of a full abTCR at the im-
mature DN stage together with the presence of agonist
are dual requirements for directing the development
of agonist-dependent precursor cells in the thymus. In
support of this, it was recently shown that early expres-
sion of a full abTCR is not an exclusive transgenic arti-
fact but that TCRab+ DN4 cells are also generated under
physiological conditions (Aifantis et al., 2006).
Similar to conventional selected CD4 and CD8ab SP
cells, mature DN TCRab+ thymocytes do not require
the thymus for further differentiation, and upon transfer
i.v., they readily migrated to the intestine where they
adapted to the CD8aa+TCRab+ IEL phenotype. We iden-
tified the CD5+ DN TCRab+ thymocytes as the direct
postselection mature precursors of the CD52CD8aa+
TCRab+ IEL and showed that the downregulation of
CD5 and upregulation of CD8aa are postthymic events
that are promoted in the gut and can be induced upon
IL-15-mediated proliferation in vitro. The IL-15 respon-
siveness of the DN TCRab+ thymocytes is consistent
with their expression of the IL-2 and IL-15Rb chain in
the absence of the IL-2Ra chain. Unlike the develop-
mental programmed expression of CD25, it has been
shown that the IL-2 and IL-15Rb expression on thymo-
cytes is induced under negative or agonist selection
conditions but not under positive or nonselecting condi-
tions, correlating IL-2 and IL-15Rb expression with ago-
nist TCR signals (Hanke et al., 1994). Consistent with
this, in vitro TCR stimulation of normal DP thymocytes
rapidly induced IL-2/IL-15Rb but not IL-2Ra mRNA
(Park et al., 1993). Together, these observations suggest
that the responsiveness to IL-15 by the postselected
DN TCRab thymocytes might have been induced during
agonist-mediated differentiation of TP precursor cells.
Although the gastrointestinal tract has retained some
of its ancestral ability for lymphopoiesis, the thymus
has evolved as the primary organ for T cell poiesis and
TCR selection-driven differentiation. The segregation
of TCRgd+ and TCRab+ T lineages and the subsequent
selective differentiation of TCRab+ lymphocytes into
self- and non-self-specific T cells with different pheno-
type, tissue specificity, and function therefore under-
score perhaps the most important and unique roles of
the thymus. The opposite outcome for agonist and con-
ventional selected cells in terms of their preservation
and differentiation indicates that the initial engagement
of immature thymocytes in a particular selection pro-
gram is key to their ultimate differentiation. Incidentally,
it was recently shown that also for B cells, precursors
that express CD19 before the expression of a full BCR
are already committed to mature into the specialized
B-1B cells (Montecino-Rodriguez et al., 2006). Similar
to CD8aa+ IEL, B-1B cells also belong to the group of‘‘natural’’ memory lymphocytes that adapt to this phe-
notype during their development, display self-speci-
ficity, and reside in effector tissues rather than lymph
nodes (Bendelac et al., 2001). This would suggest that
selective induction of preprogrammed differentiation
is a more general mechanism of the adaptive immune
system to preserve and further shape and design self-
reactive lymphocytes.
The finding that the initial commitment of TCRab pro-
genitors occurs during b selection gives a new dimen-
sion to this developmental checkpoint. This pre-TCR
selection event is marked by the transient induction of
CD8aa on immature DP thymocytes that can proceed
along the agonist selection pathway and differentiate
into postselected DN TCRab+ T cells that egress the thy-
mus and home to the gut where they undergo further
maturation to CD8aa+TCRab+ IEL. Although the selec-
tion of these CD8aa+TCRab+ IEL is based on self-reac-
tivity, they are not self-destructive and data indicate
that agonist-selected cells differentiate into specialized
lymphocytes with immune regulatory capacity (Bende-
lac, 2004; Jordan et al., 2001; Poussier et al., 2002).
The presence of thymic precursors that survive ago-
nist selection signals and respond with the induction
of a preprogrammed transcription process allows the
adaptive immune system to selectively preserve and
make use of TCRs with high affinity for self.
Experimental Procedures
Mice
C57BL/6 (B6), B6.SJL-Ptprca/BoAiTac (CD45 congenic), Rag2
KO, B10.D2 H-Y-TCR/Rag2 KO, B6 HY-TCR/Rag2 KO, B6.129-
B2mtm1JaeN12, B6.129-H2-Ab1tm1GruN12, B6.129-H2-Ab1tm1Glm-
B2mtm1JaeN17, B6 TCRa2/2, and B6-Kbtm1Dbtm1N12 mice were
from Taconic, bred and housed under specific pathogen-free condi-
tions in accordance with institutional guidelines. E8I KO and E8IE8II
KO mice were a gift from Dr. Littman (New York University School of
Medicine, New York, NY). For embryonic thymocytes, breeders were
paired in the evening and separated the next morning, at embryonic
day 0. All of these mice have been backcrossed to the C57BL/6
background. Mouse colonies were maintained in a specific patho-
gen-free facility at the La Jolla Institute for Allergy and Immunology,
and experiments were performed according to the approved proto-
col by the Institutional Animal Care and Use Committee.
Cell Suspension and Immunofluorescence
Thymus, spleen, and LN cells were prepared with a 70 mm nylon cell
strainer and RPMI 1640/5% FCS. IEL were prepared as described
(Cruz et al., 1998). Cells were suspended in PBS with 10% FCS
and a-CD16/CD32 Fc-receptor antibody (2.4G2) to block Fc-anti-
body binding. Cells were stained according to standard procedures
and analyzed on a FACScalibur flow cytometer (Becton-Dickinson,
San Jose, CA). The following antibodies were used: CD4 (GK1.5 or
RM4-5), CD5 (53-7.3), CD8a (53-6.7), CD8b (53-5.8 or CT-CD8b),
CD45.1 (A20), CD45.2 (104), CD69 (H1.2F3), Thy1.2 (53-2.1), TCRb
(H57-597), TCRgd (GL3), NK1.1 (PK136), T3.70 (H-Y TCRa chain
specific). All primary antibodies were directly conjugated to flouro-
phores (BD PharMingen, San Diego, CA, or ebiosciences, San
Diego, CA). CD8aa was detected with PE-labeled TL-tetramer, and
the chimeric TL-Kb-tetramer was used as control (Attinger et al.,
2005; Leishman et al., 2001).
BrdU Labeling of Thymocytes
Adult or pregnant B6 mice were injected with BrdU as previously
described (Vasseur et al., 2001). BrdU incorporation was detected
with a BrdU flow kit (BD PharMingen) according to the manufac-
turer’s instructions and analyzed by flow cytometry.
Immunity
640Cell Sorting
To purify DN thymocytes, total cells were first incubated with a-CD4-
and a-CD8a-coated magnetic beads (MACS Miltenyi) and separated
in a MACS preparation column. B6 H-Y-TCR/Rag2 KO enriched DN
thymocytes were incubated with 2.4G2, CD4, and CD8a and were
sorted for CD4-FITC- and CD8a-PE-negative cells. B6-enriched
DN thymocytes were incubated with 2.4G2, TCRb-FITC, and B220,
CD4, CD8, NK1.1-PE mAb. B2202CD42CD82NK1.12 TCRb2 and
B2202CD42CD82NK1.12 TCRb+ thymocytes were sorted. To purify
CD5+ DN TCRb+ thymocytes, CD4/CD8a-depleted cells were
stained with 2.4G2, CD5, B220, CD4, CD8a, NK1.1-PE, and TCRb-
APC mAb. B2202CD42CD82NK1.12 TCRb+ cells were sorted for
CD5+ expression.
To purify DP and TP thymocytes, total cells were incubated with
2.4G2, CD8b-FITC, and TL-tetramer-PE followed by anti-PE-coated
magnetic beads (MACS Miltenyi) and separated in a MACS prepara-
tion column. To sort DP and TP thymocytes from B10.D2 HY-TCR/
Rag2 KO mice, TL-tetramer + and 2 fractions were stained with
CD4-PECy7, and TL-tetramer2 fractions were sorted for CD4+CD8b+
DP thymocytes while TL-tetramer+ fractions were sorted for
CD4+CD8b+ TP cells. To sort DP and TP cells from B6 mice, TL-tet-
ramer + and 2 fractions were stained with CD4-PECy7 and TCRb-
APC. TL-tetramer2 fractions were sorted for TCRb2CD4+CD8b+DP
cells while the TL-tetramer+ fractions were sorted for TCRb2CD4+
CD8b+TP thymocytes. After the sorting, live cells were enumerated
with trypan blue. Cell sorting was done with a FACSDiva (Becton
Dickinson).
In Vivo Treatments
Sorted DP/TP thymocytes (CD45.1+) were intrathymically (i.t.) in-
jected (10 ml/33 108 cells/ml) into the thymus of B6 mice sublethally
irradiated (750 rad) 8 hours prior. i.t. injections were done with a gas-
tight Hamilton syringe and 26-gauge needle. Mice were analyzed 4
weeks later. For intravenous (i.v.) injections, sorted CD45.1+DN
TCRb+ thymocytes (100 ml/33 106 cells/ml) were injected retro-orbi-
tally into Rag2 KO mice (CD45.2). Mice were analyzed 4 weeks later.
Adult Rag2 KO mice were injected with anti-CD33 as described (Lev-
elt et al., 1993).
In Vitro Cell Culture
DN TCRb2/TCRb+ cells were sorted as described above. Thymo-
cytes were plated in 24-well plates (1 ml/well) in complete RPMI
1640/10% FCS. Where indicated, thymocytes were cultured with
100 ng/ml of human IL-15 (hIL-15, R&D Systems, Minneapolis,
MN). Cytokine was added at day 0.
Hanging Drop Cultures
Stromal cells were isolated as described (Chidgey and Boyd, 1997)
except without elutriation. In brief, stromal cells from CD45.1+B6
mice were prepared by enzymatic (0.15% collagenase/0.1% DNase;
Boehringer Mannheim) digestion of lymphocyte-depleted thymi and
resuspended in complete RPMI 1640/10% FCS (6.7 3 105 cells/ml)
and pulsed with peptide. Thymocytes in RPMI 1640/10% FCS
with/without hIL-15 (3.4 3 106 cells/ml) were mixed at equal volume
with stromal cells in a thymocyte:stromal cell ratio of 5:1. The cocul-
tures were incubated as hanging drops in inverted Terasaki plates at
37C, 5% CO2 and harvested between days 2 and 8. The H-Y peptide
from the Smcy protein, KCSRNRQYL, synthesized by the Institu-
tional peptide synthesis facility, was added every 2 days together
with 100 ng/ml hIL-15.
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